Campylobacter jejuni was inoculated intravenously into pregnant ewes on gestation days 1 14 and 123 to reproduce ovine abortion. All ewes aborted 7-1 2 days post-inoculation. High numbers of C. jejuni were isolated from ewe tissues (caruncle, bile, cecal feces), fetal tissues, and placenta. C. jejuni colonies were identified in caruncles and placenta by light microscopy and immunoperoxidase techniques. Histologically, inoculated ewes had a severe purulent endometritis with vasculitis. Placentas from inoculated ewes and field cases showed necrosis and purulent inflammation; however, placentas from inoculated ewes had large numbers of bacterial colonies compared to few bacteria found in field cases. Histologically, only one fetus from the inoculated ewes showed lesions (purulent bronchopneumonia), whereas all fetuses from field cases had a distinct bronchopneumonia, and one fetus showed multifocal hepatic necrosis. These results suggest that C. jejuni (serotypes Penner 1 and Lior 2) is an important abortifacient organism for sheep.
tive bacilli. Campylobacter jejuni is easily separated from other Campylobacter species because it grows at 42 C, is resistant to cephalothin, and is inhibited by nalidixic acid. The genus Campylobacter has undergone extensive taxonomic changes in recent year^.^.'^.^^ According to previous classification schemes, C. jejuni appears to correspond to Marsh and Firehammer's The objective of this study was to experimentally reproduce ovine abortion with heat stable 1 (Penner) and heat labile 2 (Lior) serotype strains of C. jejuni.
This organism was obtained from a field case of ovine abortion.
Case Histories
A fetus, placenta, and maternal serum sample from southem Oregon (flock 1) and three fetuses from three different ewes and one placenta from southern Washington (flock 2) were received by the Veterinary Diagnostic Laboratory, College of Veterinary Medicine, Oregon State University, Corvallis, Oregon. At the time of submission, four out of 200 breeding ewes from flock 1 had aborted term fetuses, and by the conclusion of lambing, approximately 15 ewes had aborted. This flock had been vaccinated 2 weeks prior to breeding with a commercial Campylobacter vaccine. Flock 2 had 40 out of 100 breeding adult ewes abort term fetuses by the time of submission, and by the conclusion of the lambing season, approximately 80 ewes had aborted. Ewes in flock 2 frequently had retained placentas and had not been vaccinated. Campylobacter jejuni was isolated from fetal tissues received from both submissions and was serotyped by the Centers for Disease Control, Atlanta, Georgia.28 Both isolates were determined to be Penner serotype 1 and Lior serotype 2.
Materials and Methods
The Campylobacter jejuni used in this experimental study was isolated from placenta from flock 1. Nine yearling, crossbred, virgin, nonvaccinated ewes selected from a dis- Table 1 . Ewe serum progesterone levels measured at 48 hour intervals or at day of abortion following experimental inoculation with Campylobacter jejuni.
Post-inoculation
Post-inoculation progesterone levels (ngml) Health, Des Moines, IA) given 10 days apart, and then bred at estrus following the second injection. At post-breeding day 2 1, ewes were confirmed pregnant if serum progesterone levels were greater than 1 ng/ml (Diagnostic Products Corp., Los Angeles, CA). Pregnant ewes were randomly divided into two groups; group I contained four ewes and group I1 contained five ewes. The ewes were pastured in strict isolation facilities at Oregon State University until inoculated. At post-breeding day 114, three pregnant ewes in group I were inoculated via the jugular vein with 5 ml of lo8 colony forming unitdm1 of C. jejuni in phosphate buffered saline. At post-breeding day 123, four pregnant ewes from group I1 were inoculated via the jugular vein with 5 ml of lo9 colony forming unitdm1 of C. jejuni in phosphate buffered saline. One control ewe from each group was inoculated via the jugular vein with 5 ml of phosphate buffered saline. The C. jejuni inoculum was prepared from a 48-hour brucella broth culture washed 3 times in phosphate buffered saline and concentrated by centrifugation. Groups I and I1 and control ewes were housed separately on concrete floor stalls in strict isolation facilities. All ewes were examined twice daily, and rectal temperatures were measured. Serum progesterone was measured at the time of inoculation and at 48-hour intervals thereafter until necropsy.
Ewes and fetuses were necropsied immediately following abortion, and control ewes were necropsied concurrently with the last aborting ewe in each group. Maternal and fetal tissues were cultured on CVA agar and incubated at 42 C under microaerophilic conditions (BBL Campy Pak, Becton Dickinson, Cockeysville, MD). Maternal tissues cultured included: caruncle, liver, bile, spleen, lung, kidney, and cecal feces. Fetal tissues cultured included: liver, lung, spleen, stomach contents, and placental cotyledons. C. jejuni colonies were identified by colony morphology, growth at 42 C, and resistance to cephalothin. Colony numbers were roughly quantitated by estimation of plate quadrant growth. Impression smears prepared from placental cotyledons were stained with Gimenez Immunoglobulin G levels, using single radial immunodiffusion plate^,^.^^ were determined from pooled peritoneal and thoracic fluid for all fetuses.
Multiple 1 -cm-thick sections of ewe uterus, caruncle, liver, and lung, and fetal perio-and cotyledon placenta, lung, liver, kidney, thymus, spleen, brain, adrenal, thyroid, heart, and biceps femoris muscles were fixed in 10% neutral buffered formalin. Tissues were dehydrated in graded alcohols, cleared, embedded in paraffin, cut at 6 pm, and stained with hematoxylin and eosin (HE) for light microscopy.
Localization of C. jejuni in ewe caruncle and fetal cotyledon was performed by immunoperoxidase techniques,13 using a commercially available biotinylated secondary antibody (goat anti-rabbit) and an avidin-biotin-peroxidase complex (Vectastain, ABC kit 400 1, Vector Laboratories, Burlingame, CA). Hyperimmune serum against a washed, whole cell antigen of C. jejuni (Penner 1 and Lior 2) was obtained from immunized New Zealand white rabbits as described previously.2o This serum was diluted 1 : 500 and was used as the primary antibody. Tissues used for immunohistochemistry were fixed in 10% formalin for 24 hours and paraffin embedded. Controls included: omission of primary antibody, use of normal rabbit serum, and use of noninoculated ewe and fetal tissues.
Fetuses obtained from field cases were necropsied, and fetal tissues and fetal peritoneal and thoracic fluid were processed as described above for the experimentally inoculated ewes for light microscopy, Gimenez-stained cotyledon smears, and immunoglobulin G levels. Fetal lung, liver, stomach content, and cotyledons were cultured on 5% sheep blood agar, and examined for Chlamydia organisms.
McConkey's agar, and thioglycolate enrichment broth. Leptospira sp. and toxoplasmosis serology tests were done on flock 1 ewe serum similar to inoculated ewes.32
Results
Abortion occurred in all ewes (1 00%) 7 to 12 days post-inoculation of C. jejuni. Ewes' rectal temperatures became elevated (1 04-1 05 C) 12 to 24 hours prior to abortion, but beyond this, they exhibited no other clinical or preparturient signs. Serum progesterone levels were normal 48 hours prior to abortion, but then declined rapidly at abortion (Table 1) . No abortions or clinical signs were observed in control ewes, and serum progesterone remained elevated (Table 1) .
At necropsy, gross lesions were present in caruncles of all C. jejuni inoculated ewes and two ewes, one from each group, had retained placentas. Uterine walls were thickened with edema fluid, which was most prominent in caruncle and pericaruncle stromal regions. Individual caruncles were swollen, and on transverse section, hemorrhagic streaks extended deep into the caruncles. Mucoid-serosanguineous and fibrinous exudate covered the caruncles' superficial surfaces ( Fig.  1 ). Gross lesions were not seen in inoculated or control ewes' lungs, hearts, gastrointestinal tracts, mesenteric lymph nodes, kidneys, mammary glands, adrenal glands, or ovaries. Occasionally, control and inoculated ewe livers had a white fibrous subcapsular tracts, and associated bile ducts were thickened. These changes were suggestive of previous liver fluke migration. Placentas from inoculated ewes showed mottled, yellowtan swollen cotyledons with no evidence of surface exudate. Intercotyledon chorioallantoic and amnionic membranes were clear with no evidence of edema or exudate (Fig. 2) .
Aborted fetuses usually had undergone in utero autolysis, except for two, which were fresh. Meconium-stained fetuses had variable amounts of serosanguineous subcutaneous edema, serosanguineous peritoneal and thoracic fluids, and variable degrees of hemoglobin-stained viscera. Gross lesions were not seen in visceral organs. Fetuses received from the field showed postmortem autolysis, minimal serosanguineous peritoneal and thoracic fluid, and hemoglobinstained viscera; gross lesions were not found in visceral organs or placentas.
Histologically, caruncles showed severe widespread lesions which involved maternal septa, smooth muscle capsule, and adjacent endometrium. Multifocally, maternal septa contained necrotic foci, leukocyte infiltration, purulent arteriolitis, and fibrin thrombi (Figs. 3,  4) . Multifocally, uterine spaces, usually adjacent to affected septa, contained necrotic cellular debris, neutrophils, fibrinous exudate, and some sloughed necrotic maternal epithelium. Endometrial stroma was edematous, and endometrial glands were filled with inflammatory exudate; however, intercaruncular endometrial epithelium usually remained intact (Fig. 3) .
Histologcally, placental villi from inoculated ewes were necrotic, and numerous large bacterial colonies were found within trophoblasts and adjacent stroma (Fig. 5 ). Intracellular C. jejuni distended trophoblastic cytoplasm and surrounded or displaced nuclei. Ne- - crotic cellular debris was present, and the stroma contained a few scattered leukocytes. Postmortem autolysis was also present. Placentas from field cases had large areas of necrosis in chorionic villi, varying degrees of arteriolitis, abundant necrotic debris, and high numbers of leukocytes within the stroma. Postmortem autolysis was also present. However, in contrast to the inoculated ewes, hematoxylin and eosin (HE)-stained sections did not show bacterial colonies within stroma or trophoblastic epithelium. Fetuses from inoculated ewes did not have histologic lesions in liver, kidney, spleen, striated muscle, heart, adrenal, thymus, thyroid, brain, and lung, except for some fetuses which had meconium within lung airways, and one fetus (group I) which had a purulent bronchopneumonia. All fetuses received from the field had a purulent bronchopneumonia and meconium within airways, and one fetal liver had multifocal areas of coagulative necrosis. Field fetuses did not show histologic lesions in heart, striated muscle, kidney, adrenal, thyroid, or brain. In inoculated ewes, immunoperoxidase techniques demonstrated extremely high numbers of C. jejuni within placental trophoblasts lining most chorionic villi (Fig. 5) . Subadjacent stroma, vascular endothelium, and lumens also contained C. jejuni. Placentas obtained from field cases had fewer numbers of immunoperoxidase-stained C. jejuni when compared to inoculated ewes, but bacteria were found to be located similarly as in inoculated ewes. Small colonies of C.
jejuni were found scattered throughout caruncles of inoculated ewes. Bacteria were primarily found within maternal epithelium or within leukocytes in uterine spaces (Fig. 6 ). Septa and vascular endothelium adjacent to affected uterine spaces also contained varying amounts of C. jejuni.
High numbers of C. jejuni were consistently isolated from inoculated ewes' feces, uteri, and bile ( Table 2) . Placentas from inoculated ewes and field cases usually contained higher numbers of C. jejuni than fetal visceral organs and stomach contents. From flock 1, C. jejuni was isolated only from placenta, whereas in flock 2, it was recovered from placenta, stomach contents, lung, and liver from all three fetuses. No other significant bacterial organisms were isolated from placentas or visceral organs from field cases. Gimenez-stained placental smears, obtained from field cases, did not demonstrate Chlamydia organisms. Immunoglobulin levels were less than 20 mg/dl in pooled peritoneal and thoracic fluids obtained from all fetuses. Following abortion, Leptospira sp. and toxoplasmosis serum antibody titers were negative in all inoculated ewes and the ewe from flock 1. Ewe serum antibody titers to C. jejuni were not determined.
Discussion
This experimental study confirms that our field isolate, heat stable 1 (Penner)28 and heat labile 2 (Lior)2s strain of C. jejuni, is an abortifacient organism in sheep. Eighty percent of ewes in flock 2 aborted, which also suggests that this strain is highly abortifacient. However, only three fetuses and one placenta were examined from flock 2, and other causes of abortion cannot be entirely excluded. In addition, we cannot exclude the nonclassified anaerobic flagellated bacterium recently described by Kirkbride et a1.18 as an additional abortifacient organism in the field cases; however, our experimental results clearly fulfill Koch's postulates with C. jejuni. Penner serotype 1 was the only serotype of C. jejuni found in a recent study of C. jejuni isolates recovered from the reproductive tract of but, in this study, the heat labile serotypes were not determined. The heat stable serotype of C. jejuni isolated from an aborted caprine fetus was Penner 1. ' Penner 1 was the second to third most frequent serotype encountered in the United States when C. jejuni was serotyped from hospitalized human patients,28 or when all C. jejuni isolates were studied. 29 Gross and histologic findings in our study are similar to reported placentome pathology in sheep intravenously inoculated with Vibrio fetus. l4 Compared with this latter study, we did not find intercotyledonary edema in placentas from either natural or experimental disease or uterine discharge. Histologic lesions were not stratified in hilar zones of caruncles, but we found more exudation of leukocytes into uterine spaces than found in placentomes infected with Vibrio fetus. We studied ewe caruncles and placentas after ewes had aborted; consequently, our lesions may be more severe. Placentas had varying degrees of postmortem autolysis, making it more difficult to determine precise gross and histologic lesions than in the previous study. Furthermore, nomenclature of the genus Campylobacter from older literature is very confusing and the exact species of Campylobacter strains previously reported are uncertain, since organisms were not classified according to presently accepted riter ria.^^,^',^^ Consequently, direct comparison of our results with previous literature may not be appropriate. The differences seen in fetal and placental lesions, when natural and experimental diseases were compared, might be due to overwhelming bacterial infection in the experimental condition. Fetuses may have died before they had the opportunity to mount a significant inflammatory response in placenta and lungs, as seen in the naturally infected fetuses. Fetuses of 1 14-1 23 days of gestational age are capable of producing an inflammatory re-~ponse.~l The intravenous route of exposure used in this experiment represents a severe challenge and may not be the most appropriate route to determine the pathogenicity of this organism, because the natural route of exposure is thought to be ~r a l . '~.~~ In sheep, serum progesterone levels fell sharply 24-38 hours prior to abortion caused by Chlamydia psittaci, which is analogous to the findings in our study.
Our observations support Jensen's proposed pathogenesis for V. fetus, l 4 i.e., that following V. fetus septicemia, maternal septa develop arteriolitis and necrosis, allowing V. fetus to traverse necrotic vessels into uterochorionic spaces. Organisms may also pass through maternal terminal septa into lacuna hematomas. Erythrophagocytic, chorioallantoic, and placentome trophoblast infection occurs, followed by replication and formation of large intracellular bacterial colonies. Trophoblast entry and intracellular replication of high numbers of B. abortus is important for spread of this organism within placentomes and to fe-Concurrently, chemotaxis and exudation of high numbers of leukocytes occurs. Trophoblast necrosis and spread of organisms to chorionic villi and vasculature then permit vascular dissemination of the organisms to the fetus. Fetal death occurs because of fetal sepsis, toxemia, and hypoxia. Intravenous administration of C. fetus toxins can cause abortion in sheep and other animal^.^' The pathogenesis of these abortions was hypothesized to be caused by an allergic inflammatory reaction to the Campylobacter toxin; the microvasculature is involved, and this reaction is intensified by pregnancy. In human campylobacteriosis, the pathogenic properties of C. jejuni may be due to invasiveness, enterotoxins, or c y t o t~x i n s ;~~.~~ however, the role of specific toxins is not clear because some authors have not been able to detect enterotoxins among different strains of C. jejuni. 24.34 Reisolating high numbers of C. jejuni from ewe and fetal tissues implies that this disease has potential to be a serious zoonosis. Campylobacter jejuni is one of the most common agents causing diarrhea in hum a n~.~~.~~ Human abortion and perinatal sepsis can also be caused by C. jejuni infection.33 Women who abort Campylobacter-infected fetuses are fecal culture positive but often do not have diarrhea,33 which is analogous to what we observed in the sheep in this study. Also, the high number of C. jejuni within ewe feces, bile, and uterus and fetal tissues could contaminate the environment and serve as a source of infection for other ewes, potentially resulting in an abortion storm. Campylobacter jejuni can survive in bile for 2 months maintained at 37 C and for at least 3 weeks in feces and other fluids maintained at 4 C.4
Isolating high numbers of C. jejuni from experimentally inoculated ewe bile, but low numbers from ewe liver and parenchymal organs, plus the lack of significant histologic lesions in ewe parenchymal organs, suggests that C. jejuni can replicate within bile or gallbladder. Furthermore, this event may occur separately from replication within the uterus and may be an important means of spreading this disease to other susceptible ewes. Lambs fed C. jejuni continued to shed this organism 17 days post-feeding.lO Campylobacter fetus subspecies fetus can be isolated from sheep gallbladder and intestines up to 41 days post-intravenous inoculation,6 and the liver and gallbladder are the primary sites of Campylobacter infection in carrier sheep. ' Our results emphasize the importance of using CVA agar and incubation at 42 C as a part of routine diagnostic procedures when attempting to determine the cause of ovine abortions. Without these selective procedures, C. jejuni could be overgrown with secondary bacteria from heavily contaminated fetuses and placentas, and these techniques can be used to separate C. jejuni from C. fetus subspecies fetus. Further research is needed to determine the prevalence and pathogenesis of C. jejuni abortion in sheep, to determine which strains of C. jejuni are abortifacient in sheep, and to develop a more efficacious vaccine.
